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Abstract
Symmetry tests provide an important probe for the structure of elemen-
tary particle interactions and for the validity of the standard model. How-
ever, it is pointed out that in the interpretation of such experiments one
must keep in mind that in many cases apparent ”violations” of such tests
are actually the result of ordinary effects within the standard model.
God, thou great symmetry,
Who put a biting lust in me
From whence my sorrows spring,
For all the frittered days
That I have spent in shapeless ways
Give me one perfect thing.
Anna Wickham
1 Introduction
The name Ernest Henley to me is inexorably linked with the idea of symmetry tests.
Indeed I learned my first information about parity violation in nuclei from his classic
work on time reversal and parity[1] and it was reading this paper which eventually
led to my interest in and work in this field. Of course, it is not just Prof. Henley
who has long been interested in the subject of invariance. Indeed, mankind has from
the earliest days been fascinated with the concept of symmetry. The Pythagorans
considered the circle and sphere to be the most perfect of two and three dimensional
objects respectively because of their obvious radial symmetry. The planets were
assumed to move in precise circular orbits and the stars were assumed to be situated
in the heavenly spheres. It is during recent decades that symmetry studies in physics
have had a rebirth, however. The reason for this has to do with the development of
modern physics. As long as physics was focussed on its classical roots of mechanics
and electrodynamics, for which the exact laws of motion were known, the use of
symmetry methods was, strictly speaking, not necessary. Indeed most books on
classical mechanics written during the early part of the present century do not even
mention the conservation of angular momentum—they just solve the Kepler problem
exactly.[2] However, with the advent of particle and nuclear physics, wherein the
underlying interactions and equations of motion are complex and unknown, the use
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of symmetries in order to flesh out the structure of these fundamental interactions
has become commonplace, especially after the discovery of parity violation within the
weak interaction in 1957.[3]
In the interpretation of the results of such tests, however, it must always be
kept in mind that apparent violations can be the result of quite pedestrian effects
within the standard model rather than bona fide symmetry breaking. A familiar
example is the mocking of T-violation by final state strong interactions. Similar effects
are expected for other symmetries and below we review the size of these standard
model ”backgrounds” which can be expected in such tests. Knowledge of the size of
such symmetry violation simulations is essential in planning experiments since this
represents a fundamental and inescapable upper bound on the sensitivity of these
measurements.
2 Symmetry Tests in Electroweak Physics
When as particle/nuclear physicists we write down the so-called standard model of
electroweak interactions, we simultaneously build in without thinking a significant
number of symmetry assumptions, each of which is intrinsic to the standard elec-
troweak model and is subject to experimental test.
Because of space limitations I shall concentrate here on the low-energy and light
quark sector of the weak interaction, which then takes the form
Lwk = − G√
2
JµJ†µ with
Jµ =
∑
e,µ
ℓ¯γµ(1 + γ5)νℓ + (d¯ s¯)γµ(1 + γ5)UKM
(
u
c
)
(1)
where UKM is the KM matrix in this sector. The set of processes allowed by this
Lagrangian is a large one and includes: a) leptonic: µ− → e−ν¯eνµ, b) semileptonic:
n,Λ → pe−ν¯e, µ−p → nνµ, and c) nonleptonic: np → np,Λ → pπ− reactions. We
begin by considering each symmetry in turn and the means by which it can be tested.
Many such tests involve correlation measurements in nuclear beta decay. It is then
useful to summarize the set of such correlations, and we do so in the Appendix.
i) V,A Character: The form of the various beta-decay correlations in the case of
V,A coupling is given in many sources.[4] The deviations expected in the presence
of S,P or T interactions can be found in the classic work of Jackson, Treiman and
Wyld [JTW].[5] A classic test for the presence of such additional couplings is to look
at the longitudinal polarization of the outgoing electron/positron in a beta decay
process. An alternative tack in the case of Fermi transitions is to look for a systematic
dependence[6]
ft ∝ (1− 2bFγ < me
E
>) with γ =
√
1− α2Z2 (2)
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in the ft values of such decays. Recently Adelberger has pointed out that the broad-
ening of the proton peak in delayed proton emission accompanying beta decay can
also be used in order to provide improved limits on S,T couplings.[7] Averaging mea-
surements such as these one finds rather strong limits[8]—bF < 0.005—on the absence
of such non-V,A couplings
Finally, recent claims have been made that analysis of radiative pion decay experiments—
π− → e−ν¯eγ—performed at Serpukov has provided evidence for the existence of a
nonzero tensor coupling. However, the ”measured” number[9]—FT = −0.0066 ±
0.0023—is in contradiction with the upper bound—FT = 0.0018 ± 0.0017—given by
beta decay measurements[10] and should I believe be discounted.
ii) Left-handedness: In seeking evidence for the possible presence of right-handed
weak currents, again the best sensitivity comes from examination of possible devi-
ations of experimental correlation measurements from the values expected within a
pure left-handed picture. It is traditional to parameterize the results in terms of[11]
σ =
m2L
m2R
and ζ = L-R mixing angle (3)
Figure 1: Experimental limits on right-handed currents.
Again, one of the best present limits arises from electron/positron longitudinal po-
larization measurements,[12] while another approach involves the use of the beta-
polarization coefficient A in superallowed decay as a probe of right handed effects. In
the latter case the most stringent limit is obtained in cases where the measured asym-
metry is small such as 19Ne[13] or neutron beta decay.[14] A third and powerful probe
is provided by the Michel parameters in muon decay. Finally a new approach has been
proposed by Quin and Gerard who pointed out the sensitivity of the nuclear-electron
spin correlation function to the presence of right-handed currents.[15] A recent such
experiment has been performed using 107In by Severijns et al.[16] The present limits
on the right-handed parameters η, ζ are summarized in Figure 1.
iii) CVC: There exist two classic tests of CVC within nuclear beta decay. The most
familiar (and most precise) is the prediction of identical Ft values for superallowed
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0+ − 0+ decays. Here
Ft = 2π
3 ln 2
G2µm
5
e|Vud|2a2(0)
(1− 2α
π
ln
mZ
mN
+ · · ·) (4)
where a(0) =
√
2 is the CVC requirement on the Fermi matrix element. Such an
analysis has been performed by many groups and all results agree at the 0.5% level.[8]
However, as discussed shortly, it is important to know the result even better. The
second test involves the comparison of shape factors in mirror β+, β− decays, which are
predicted in lowest order for the familiar A=12 system[17] in terms of the measured
M1 decay width from the 15.11 MeV 12C excited state to be
dS±
dE
≈ ∓4
3
b
Ac
1
mN
∼ ∓0.5%/MeV (5)
The experimental number obtained by Lee, Mo and Wu using an iron free magnetic
spectrometer yields values in good agreement with this prediction.[18]
iv) PCAC: In the context of beta decay/muon capture PCAC makes two predic-
tions. One is the Goldberger-Treiman relation[19]
FπgπNN = mNgA (6)
relating strong and weak nucleon couplings. The second is that the induced pseu-
doscalar should have the size[20]
rP =
mµ
2mN
gP (q
2 = −0.9m2µ) = 7.0 (7)
in a muon capture process.
Unfortunately at the present time the precise validity of both predictions is open
to question In the case of the Goldberger-Treiman relation the problem has primarily
to do with the value of the strong π − N coupling constant, as will be discussed
in the next section. In the case of the induced pseudoscalar the difficulty is that
sensitivity is available only in muon capture experiments and even then only at the
cost of significant model dependent assumptions. Present results are
rP =


7.4± 2.0 3He [21]
6.5± 2.4 p [22]
9.1± 1.7 12C [23]
(8)
Each of these results agrees then with the PCAC prediction, but the accuracy is only
at the 30% level and could be substantially improved.
v) G-Invariance: Using the quark model one finds that the usual polar-, axial-
vector currents satisfy the relations
GVµG
−1 = Vµ, GAµG
−1 = −Aµ (9)
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Second class currents were defined by Weinberg as being those having opposite signs
under the G-parity operation and are not present in the standard model.[24] Their
absence has definite implications for weak matrix elements. The most general axial
vector matrix element between spin 1/2 systems has the form
< p|Aµ|n >= u¯(p2)
(
g1γµ − i g2
2mN
σµνq
ν +
g3
2mN
qµ
)
γ5u(p1) (10)
Here for an analog transition such as neutron decay, the absence of second class
currents requires g2 = 0.[25] In the case of nuclear beta decay, the analog of g2 is the
tensor form factor d and the absence of second class currents requires that[25]
i) d = 0 for an analog transition, e.g. 19Ne→ 19F
ii) dβ+ = dβ− for mirror decay, e.g.
12B → 12C ← 12N
The tensor term may be measured via correlation experiments, and the best of these
measurements involves the alignment correlation in the A=12 mirror system,[26] for
which the present experimental number is[27]
dII/b = −0.05± 0.13 (11)
i.e. second class currents are ruled out at the level of 20% of weak magnetism—not
a particularly precise limit.
vi) T-Invariance: Neglecting final state interaction effects, time reversal invariance
requires that all amplitudes contributing to a process be relatively real. Thus one
looks for T-violation by seeking a phase difference between two or more multipoles
with participate in a decay. The most precise experimental work has been done by
measuring the D coefficient in beta decay
Dexp =
{
(0.7± 6)× 10−4 19Ne [28]
(−1.1 ± 1.7)× 10−3 n [29] (12)
On the theoretical side a non-zero value of D can arise from a phase difference be-
tween leading Fermi and Gamow-Teller terms or between leading and recoil terms.[30]
An alternative approach is to measure the R coefficient, which is sensitive to a pos-
sible phase difference between V,A and a tensor interaction[5] Present experimental
numbers are consistent with zero but with sizable errors
Im(GT +G
′
T ) =
{
0.136± 0.091 19Ne [31]
0.024± 0.027 8Li [32] (13)
However, since such experiments involve measurement of the electron polarization,
they will never approach the statistical precision of the corresponding measurements
of the D correlation.
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3 Standard Model Backgrounds
Two standard model symmetries have no corrections even when all components of
the standard model are considered. These are CPT, whose validity follows simply
from the tenets demanded of any reasonable quantum field theory, and the other is
the left-hand nature of the weak interaction, which is only modified by going outside
the standard model. All other symmetries, however, are no longer exact when higher
order effects are included.
One of these is not particularly important, however. In the case of the V-A nature
of the weak interaction, Higgs boson exchange can introduce effective S,P components
into the weak interaction. However, in view of the present mass limits on the Higgs,
such effects should be negligible.
i) T-invariance: In the case of T invariance, any real effects arising from higher
loop graphs within the standard model are negligible since heavy quarks must be
involved. However, as is well-known, T-violation can be simulated by strong and
electromagnetic final state interactions, which according to the Fermi-Watson theo-
rem, give rise to different phases for different multipole amplitudes. In the case of the
very precise D coefficient measurements, a quick glance at JTW indicates that within
the V-A picture there are no such corrections at leading order. However, at the level
of recoil this is no longer the case and one finds from one-photon exchange[33]
DEM =
1
|a|2 + |c|2 (±
ZαE2
4Mp
[δJJ ′
(
J
J + 1
) 1
2
Rea∗
(
(b∓ c)(1 + 3m
2
E2
)
− d(1− m
2
E2
)
)
− 1
2
γJJ ′
J + 1
Rec∗(c± d∓ b)(3 + m
2
E2
)] + · · · (14)
For these superallowed transitions then the leading effect comes from interference
between the Gamow-Teller and weak magnetism form factors leading to small but
non-negligible values
DEM =
{
2× 10−4 19Ne
2× 10−5 n (15)
In fact such experiments if done to this precision can be turned around—measurement
of the final state interaction effect can be used as a probe of weak magnetism even if
no bona fide T-violating signal is detected
For other correlations the electromagnetic effect can arise at leading (non-recoil)
order. Thus one finds for the R coefficient REM/A ≈ αZm/p[5] which can simulate
T violation even at the 10−2 level in some cases.
ii)PCAC: A careful look at the derivation of the Goldberger-Treiman relation
shows that it should read[20]
FπgπNN(q
2) = MNgA(q
2) (16)
so that both the strong and weak couplings should be evaluated at the same value
of momentum transfer. Generally what is quoted and used, however, are gA(0) and
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g2/4π ∆π
π± 13.31(27)[41] 0.002
14.28(18)[42] 0.043
π0 13.55(13)[43] 0.017
14.52(40)[44] 0.051
Table 1: Experimental values of the pion-nucleon coupling constant and the associated
Goldberger-Treiman discrepancy.
gπNN(m
2
π). Thus a discrepancy is expected for the Goldberger-Treiman relation, and
this can be characterized in terms of the quantity
∆π = 1− MNgA(0)
FπgπNN(m2π)
(17)
for which one expects ∆π ∼ m2π/2m2σ ∼ 0.015 [34] The experimental size of the
discrepancy is at present unclear, due to uncertainty over the size of the pi-nucleon
coupling constant. The situation is summarized in Table 1.
iii) G-invariance: If we write the most general axial matrix element between neu-
tron and proton as in Eq. 10 then, since neutron and proton are members of a
common isomultiplet, G-invariance requires g2 = 0. Many precise measurements
have attempted to check this prediction. However, as discussed above, since this
structure function is associated with recoil the experimental limits obtained thereby
are relatively weak—gexp2 < 0.4.
Within the standard model, one expects that g2 should be nonvanishing due to
both electromagnetic effects and quark mass differences. In particular the latter can
be estimated within a relativistic quark model, wherein one finds[35]
g2
gA
=
∫
d3xr(uuℓd − udℓu)∫
d3x(uuud − 13ℓuℓd)
− 1
4
(
mn
mp
− mp
mn
) (18)
For ∆S = 0 processes such as nuclear beta decay one finds g2/gA ∼ 10−3 so that the
effect is essentially unmeasurable. However, for ∆S = 1 hyperon decays the strange
quark mass is involved and one finds g2/gA ∼ 0.3 − 0.4, which should certainly be
detectable. Unfortunately previous analyses have not been precise enough to see
this effect. In fact usually g2 is simply set to zero. However, future work involving
correlation studies together with rate measurements should be able to resolve this
question
iv) SU(2), SU(3): For the case of SU(2) violation a particularly illuminating
example involves Kℓ3 decays
K+ → π0e+νe and KL → π−e+νe (19)
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For the P-wave coupling in such decays, one would have in exact SU(2)
fK
+π0
+ (0)/f
K0
L
π−
+ (0) = 1 (20)
and one might suspect little change in this result because of the Ademollo Gatto
theorem, which seems to assert that any violation of Eq. 20 must be second order
in symmetry breaking.[36] However, this is not the case. In fact because of η − π0
mixing one has
1 − |fK0Lπ−+ (0)|2 = O(ǫ2)
but 1 − 1
4
|fK+π0+ (0)|2 −
3
4
|fK+η0+ |2 = O(ǫ) (21)
Thus one predicts[37]
fK
+π0
+ (0)/f
K0
L
π−
+ (0) ≈ 1 +
3
4
md −mu
ms − 12(md +mu)
= 1.02 (22)
which is in good agreement with the experimental number
fK
+π0
+ (0)/f
K0
L
π−
+ (0) = 1.029± 0.010 (23)
In the case of SU(3) violation, it is interesting to examine semileptonic hyperon
decay—Λ→ pe−ν¯e,Σ− → ne−ν¯e, etc. Generally such decays are fit via the assumption
of SU(3) symmetry
< Bb|Jcµ|Ba >= u¯b(FV fabcγµ + (FAfabc +DAdabc)γµγ5)ua (24)
and such fits are very good but certainly not perfect. In fact there is good evidence
for SU(3) breaking from such fits if one compares the experimental and theoretical
predictions in the case of the Σ−Λ transition. Defining the SU(3) breaking parameter
ρ via
gΣ
−Λ
A = ρ
√
2
3
D
D + F
gnpA (25)
we find ρ = 0.914 ± 0.022 when the experimental value for gΣ−ΛA and the fit value
for D,F are employed.[38] However, it should be kept in mind that the assumption
g2 = 0 was made in performing such fits. In any case it is necessary to understand
such effects in both meson and baryon sectors in order to extract believable values of
Vus.
v)CVC: The importance of electromagnetic effects which violate the naive pre-
diction a(0) =
√
2 is critical and possibly lies at the origin of possible KM matrix
unitarity violating effects which have been reported by some groups. Thus including
radiative and other effects one finds[39]
Ft = ft(1 + ∆β + δr + α
π
CNS)(1− δc +∆Zc ) (26)
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where here ∆β, δr are the usual radiative correction factors, CNS is an axial current
correction, δc is a valence nucleon mismatch factor and ∆
Z
c is a term recently proposed
by Wilkinson to account for core nucleon mismatch.[40] Using the form ∆Zc ∼ γZ1.8
one can achieve a reasonably good fit to the 0+ − 0+ decay ft values and use of this
correction brings about no violation of the KM unitarity condition
1−∑
j
|Vuj|2 =
{
0.0044(12) without ∆Zc
0.0008(12) with ∆Zc
(27)
However, this simple phenomenological procedure is not substitute for a careful the-
oretical analysis.
4 Conclusion
We have seen that use of the standard model in order to describe the electroweak
interactions implicitly assumes the validity of a host of symmetries—CVC, PCAC,
G-invariance, etc. Each of these symmetries (except CPT) is subject to experimental
verification in low energy leptonic and semileptonic decays. However, in many cases
the standard model also provides the ultimate ”background” to such tests, in pro-
ducing non-zero results whose origin is not at all related to the symmetry violation
which one is trying to probe.
Appendix
The standard notation for correlation parameters in nuclear beta decay was given by
Jackson, Treiman and Wyld and has the form[5]
dΓ = Γ0(1 +
p · pν
EEν
+
m
E
b+ < J > ·
[
p
E
A +
pν
Eν
B +
p× pν
EEν
D
]
+ < σ > ·
[
p
E
G+
< J > ×p
E
R
]
+ < JiJj >
[(
pipj
E2
− p
2
3E2
δij
)
H
+
(
pipνj
EEν
− p · pν
3EEν
δij
)
K + · · ·
]
) (28)
Here the correlation parameters A,B,C, etc. are expressed in terms of the nuclear
form factors, which for a general allowed transition can be written in the form[25]
< βp2|Vµ(0) + Aµ(0)|αp1 >=
1
2M
aP · ℓδJJ ′δMM ′ − i
4M
ǫijk(J
′M ′1k|JM)
× [2bℓiqj + iǫijληℓλ(cP η − dqη)] + · · · (29)
where J,J’ are the spins of the parent and daughter nuclei respectively, and M,M’
represent the initial and final components of nuclear spin along some axis of quanti-
zation. The four-vector quantity ℓµ = u¯(p)γµ(1+γ5)v(k) is the lepton matrix element
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and a,b,c,d represent reduced matrix elements. Using standard notation
a = gVMF , c = gAMGT (30)
where MF ,MGT are the Fermi, Gamow-Teller matrix elements respectively, while b
is the weak-magnetism contribution which, between nuclear analog states would be
given by
b = A(
J + 1
J
)
1
2MFµV (31)
where A is the mass number and µV is the isovector magnetic moment measured
in terms of nuclear magnetons. The coefficient d, the induced tensor, is uniquely
correlated with the existence of second class currents if α, β are isotopic analogs. On
the other hand, if α, β are not members of a common isotopic multiplet, the existence
of d is not forbidden by G-parity considerations and even receives a contribution from
first class currents in the nuclear impulse approximation.
Acknowledgement
This work is supported in part by the National Science Foundation.
References
[1] E. Henley, Ann. Rev. Nucl. Sci. 19 (1969) 367.
[2] E.P. Wigner in Symmetries and Reflections, MIT Press, Cambridge, MA (1970).
[3] C.S. Wu et al., Phys. Rev. 105 (1957) 1413.
[4] See, e.g., B.R. Holstein, Rev. Mod. Phys. 46 (1974) 789.
[5] J.D. Jackson, S.B. Treiman and H.W. Wyld, Phys. Rev. 106 (1957) 517.
[6] See, e.g., W.E. Ormand et al., Phys. Rev. C40 (1989) 2914.
[7] E. Adelberger, Phys. Rev. Lett. 70 (1993) 2856.
[8] J. Deutsch in Precision Tests of the Standard Model, ed. P. Langacker, World
Scientific, Singapore (1993).
[9] A.A. Poblaguev, Phys. Lett. 238B (1990) 108.
[10] P.A. Quin et al., Phys. Rev. D47 (1993) 1247.
[11] M.A.B. Beg et al., Phys. Rev. Lett. 38 (1977) 1252; B.R. Holstein and S.B.
Treiman, Phys. Rev. D16 (1977) 2369.
10
[12] A.S. Carnoy et al., Phys. Rev. Lett. 65 (1991) 3249.
[13] D.F. Schreiber, Ph.D. disseratation, Princeton University (1983).
[14] P. Bopp et al., J. de Phys. Colloq. C3 (1984) 21.
[15] P.A. Quin and T.A. Girard, Phys. Lett. B229 (1989) 29.
[16] N. Severijns et al., Phys. Rev. Lett. 70 (1993) 4047.
[17] M. Gell-Mann, Phys. Rev. 111 (1958) 362.
[18] C.S. Wu, Y.K. Lee and L.W. Mo, Phys. Rev. Lett. 39 (1977) 72.
[19] M.L. Goldberger and S.B. Treiman, Phys. Rev. 111 (1958) 354.
[20] See, e.g., B.R. Holstein, Weak Interactions in Nuclei, Princeton University Press,
Princeton (1989).
[21] L.B. Auerbach et al., Phys. Rev. 138 (1965) B127; D.R. Clay et al., Phys. Rev.
140 (1965) B586.
[22] G. Bardin et al., Phys. Lett. B104 (1981) 320.
[23] V. Roesch et al., Phys. Rev. Lett. 46 (1981) 1507.
[24] S. Weinberg, Phys. Rev. 112 (1958) 1375.
[25] B.R. Holstein and S.B. Treiman, Phys. Rev. C3 (1971) 1921.
[26] B.R. Holstein, S.B. Treiman and W. Shanahan, Phys. Rev. C5 (1972) 1849.
[27] H. Brandle et al., Phys. Rev. Lett. 40 (1978) 306 and 41 (1978) 299; P. Lebrun
et al., Phys. Rev. Lett. 40 (1978) 302; Y. Masuda et al., Phys. Rev. Lett. 43
(1979) 1083; T. Minamisono et al., J. Phys. Soc. Jpn. Suppl. 55 (1987) 1012.
[28] A. Hallin et al., Phys. Rev. Lett. 52 (1984) 337.
[29] R.I. Steinberg et al., Phys. Rev. D13 (1976) 2469; B. Erozolimskii et al., Sov. J.
Nucl. Phys. 28 (1978) 48.
[30] B.R. Holstein, Phys. Rev. C5 (1972) 1529.
[31] M.B. Schneider et al., Phys. Rev. Lett. 51 (1983) 1239.
[32] M. Allet et al., Phys. Rev. Lett. 68 (1991) 572.
[33] C.G. Callan and S.B. Treiman, Phys. Rev. 162 (1967) 1494.
11
[34] See, e.g., C.A. Dominguez, Riv. Nuovo Cimento 8 (1985) 1.
[35] J.F. Donoghue and B.R. Holstein, Phys. Rev. D25 (1982) 206.
[36] M. Ademollo and R. Gatto, Phys. Rev. Lett. 13 (1964) 264.
[37] H. Leutwyler and M. Roos, Z. Phys. C25 (1984) 91.
[38] See, e.g., J.F. Donoghue et al., Phys. Rev. D35 (1987) 934.
[39] D.H. Wilkinson and R.E. Marrs, Nucl. Inst. Meth. 105 (1972) 505.
[40] D.H. Wilkinson, Nucl. Phys. A511, 301 (1990); Phys. Lett. 241B (1990) 317.
[41] R. Arndt et al., Phys. Rev. Lett. 65 (1990) 157.
[42] R. Koch and E. Pieterinen, Nucl. Phys. A336 (1980) 331.
[43] J.R. Bergervoet et al., Phys. Rev. C41 (1990) 1435.
[44] P. Kroll in Phys. Data, Vol. 22-1, ed H. Behrens and G. Ebel (Fachinformation-
szentrum, Karlsruhe, 1981).
12
